Article history: Received 19 July 2016 Received in revised form 27 January 2017 Accepted 1 March 2017 Available online xxxx A plinian-style eruption with a radially spreading umbrella cloud occurred on February 13, 2014, at Kelud volcano, Indonesia. We present the sequence of this plinian event based on a geological survey of the eruption products and analysis of satellite images. The eruptive deposits were divided into four major depositional units (Units A, B, C, and D) and used to determine the sequence of events. The plinian phase was preceded by partial destruction of the existing lava dome and generation of high-energy pyroclastic density currents (PDCs) mainly toward the NE that produced a series of depositional subunits (Units A 0-2 ) and blown-down trees (stage 1). In the main phase of the plinian eruption, tephra fallout (Unit B) was widely distributed over East Java (stage 2). The winds above the volcano significantly affected the tephra dispersal process. In stage 3, the plinian column collapsed, generating dense PDCs that flowed down the volcano valleys, producing pumiceous lobate deposits (Unit C). The declining phase of the eruption produced fine-rich fallout tephra layers (Unit D 1-2 ) from low-level eruption plumes and/or ash lofted from PDCs. The eruption sequence constructed from field observations is supported by geophysical observations. The deposit features and componentry suggest that newly ascended magma triggered the destruction of the lava dome and the generation of high-energy PDCs, and during the subsequent climactic phase the dome was completely destroyed. We estimate a total erupted volume of 0.25-0.50 km 3 (bulk deposit volume, 0.14-0.28 km 3 in dense rock equivalent) and a mass eruption rate of 6.5 ± 2.8 × 10 7 kg/s, with a volcanic explosivity index of 4. The eruption sequence and physical parameters of the 2014 eruption will help assess future volcanic activity and hazards at Kelud volcano.
Introduction
Plinian eruptions, characterized by sustained, explosive magma discharge, are among the most powerful eruption styles of andesitic to rhyolitic volcanoes. These eruptions generate a buoyant eruption column to a height of~20-40 km or more (e.g., Carey and Sigurdsson, 1989; Cioni et al., 2015) , resulting in widespread tephra fallout. They are often accompanied by the generation of pyroclastic density currents (PDCs), which are an extremely hazardous volcanic phenomenon at active volcanoes close to populated areas (e.g., El Chichon, Sigurdsson et al., 1987; Vesuvius, Cioni et al., 1992; Kelud, Bourdier et al., 1997; and Colima, Saucedo et al., 2010) . Unveiling the eruption process in detail and in 1956 (Belousov, 1996) , Mount St. Helens in 1980 (Hoblitt et al., 1981) , Mount Pinatubo in 1991 , and Merapi volcano in 2010 , or eruptions accompanied by high-energy PDCs in the vent-opening phase, e.g., Mount Pelee in 1902 (Boudon and Lajoie, 1989) and Chaiten volcano in 2008 (Major et al., 2013) . The lava dome at Kelud was formed in the last eruption in 2007 -2008 (De Belizal et al., 2012 Jeffery et al., 2013) . Therefore, in addition to understanding the basic features of this plinian eruption, it is important to examine the factors that control dome destruction and the generation of the high-energy PDCs after six years of dormancy. We present results of field observations of the eruption products from the 2014 Kelud eruption, analysis of satellite images of the eruption plume, and surface features of the volcanic edifice before and after eruption. The deposit data obtained by our field survey immediately after the eruption were used to estimate the physical parameters of the eruption, and to constrain the generation and emplacement processes of the PDCs preceding and following the plinian phase. This work also contributes to understanding the hazards posed by Kelud volcano.
Outline of Kelud volcano and the 2014 eruption
Kelud volcano, East Java, is one of the most active and hazardous andesitic stratovolcanoes in Indonesia, having caused N15,000 casualties through its historic eruptions. The volcano has erupted repeatedly since at least 1000 CE, with various eruption styles: plinian, domeforming, and phreatomagmatic eruptions (Siebert et al., 2011) . The 20th century eruptions were plinian in style, accompanied by PDCs and extensive fallout deposition (1901, 1919, 1951, 1966, and 1990) or dome-building (1920, and 2007-2008) . All the plinian eruptions in the 20th century had a recorded volcanic explosivity index (VEI; Newhall and Self, 1982 ) of 4. The major disasters were caused by devastating lahars associated with a breakout of the summit crater lake during or after the eruption.
The most recent eruption before 2014 was an effusive domeforming eruption in [2007] [2008] . The eruption began in early November 2007, following an increase in seismic activity in September 2007, and lasted approximately seven months. The eruption created a new lava dome within the summit crater that protruded from and eventually displaced the existing crater lake (De Belizal et al., 2012; Jeffery et al., 2013) . By May 2008, the lava dome stopped growing, having reached an estimated size of~260 m in height,~400 m in width at its base, and 3.5 × 10 7 m 3 in volume (Siebert et al., 2011) .
A 6-year period of quiescence began in 2008. Then, in January 2014, the number of volcanic earthquakes increased. Their number and magnitude further increased from February 2, 2014, and continued to rise until the eruption on February 13, 2014. At 15:46 UTC (22:46 local time) on February 13, 2014, the seismic signal recorded at the near-crater station abruptly disappeared, indicating the onset of the explosion event. Observers in the Kelud Volcano Observatory (POS),~6 km west of the summit crater, reported that a real-time camera on the crater rim captured ballistic ejecta as its final image at almost the same time (~22:45). Therefore, the erupting materials must have hit the seismic stations at this time. The explosion was followed by the main plinian eruption.
A satellite first detected the umbrella cloud at 16:09 UTC; the CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) measured its strongest signal at altitudes around 17-18 km, with the top of the umbrella cloud at 18-19 km (Kristiansen et al., 2015) . The eruption cloud spread radially, and its diameter exceeded 200 km by 17:32 UTC (Fig. 1 ). The circular eruption cloud then drifted westward across the island of Java, while slightly expanding in both the down-and cross-wind directions and changing to an ellipse or similar shape, reflecting the asymmetric dimensions of the umbrella. Satellite images indicate that the vigorous plinian plume continued for~2.5 h, but remote seismo-acoustic signals suggest that the eruption plume weakened by 18:00 UTC and the resonant oscillation between the atmosphere and the ground continued for another hour (Caudron et al., 2015; Nakashima et al., 2016) . These observations indicate that the most vigorous plinian phase lasted 2-2.5 h. 9 h later, the center of the eruption cloud drifted about 600 km westward over the Indian Ocean. Our field survey and interviews, and eyewitness and media reports indicate that the tephra distribution was generally consistent with the development of the eruption plume (Fig. 2) as seen in satellite images. However, no ashfall was observed in the eastern and southern areas of the Kelud volcano.
Surface changes of the volcanic edifice due to the 2014 eruption
In addition to our field survey, we investigated the surface changes of the volcanic edifice of Kelud volcano using satellite images that were taken before and after the eruption. The pre-eruption surface features were taken from GoogleEarth images (taken by Quickbird, a highresolution commercial earth observation satellite owned by DigitalGlobe, US) on August 23-24, 2012, and August 9, 2013 . For the post-eruption surface features, we used WorldView-2 images taken on May 19, 2014, with a spatial resolution of~50 cm. The overall surface features after the 2014 eruption are shown in Fig. 3 , where the whitish-gray areas indicate the major zones disturbed by PDCs. In Fig. 4 we (Fig. 4a ) before the eruption, but was completely destroyed during the eruption. In its place, an irregularly shaped depression with a diameter of~500 m (the 2014 eruption crater) was formed. On the northeastern edifice around site #334,~3 km from the rim of the summit crater where a field survey was carried out, almost all the trees a few tens of meters in height were blown down along the valley (Fig. 4b) . On the eastern edifice,~2 km from the rim of the summit crater, many blown-down trees were observed trending WSW-ENE (Fig. 4c ). This direction is parallel to the strike lines along the valley slope, indicating that the flows travelled along the valleys. The vegetation at this site was completely blown away. Similar features were observed in many places along the valleys surrounding the summit crater, but the area with blown-down trees and vegetation, and an eroded ground surface (whitish or light gray color in Fig. 3 ) was more extensive northeast of the volcano. The major surface features and deposits caused by the eruption are summarized in Fig. 5 . The directions in which the blown-down trees were oriented, indicated by small arrows, were determined based on satellite images and field observations.
Stratigraphy and description of eruptive deposits
The stratigraphy of the products from the 2014 eruption was compiled based on field surveys carried out in and around Kelud volcano in March and November 2014. In this section, we show the stratigraphic relationship of the eruption products and describe the deposits. The interpretation of each deposit is provided in Section 7.1. The eruption deposits can be divided into four major depositional units (Units A, B, C, and D), corresponding to the main phases of the 2014 event.
Representative outcrop locations are shown in Figs. 2 and 3. The stratigraphic columns of the deposits at selected locations are shown in Fig. 6 . Unit A consists of the lowest part of the deposits and is divided into three subunits (Units A 0 , A 1 , and A 2 ). Unit A was found only on the NE ridges, extending at least 4.3 km from the rim of the summit crater. The thickness of the unit decreases from~20 cm (at site #334) to 7 cm (at site #330). The overall thickness variation through the NE area is not known, but the unit appears to cover the ground surface as a thin deposit. Unit A 1 is the main thick part of the deposit, while Units A 0 and A 2 are the base and top layers, respectively, representing thin ash-rich, poorly sorted deposits a few mm to 2-cm thick (Figs. 6, 7) . Units A 0 -A 2 are yellowish to brownish gray in color, and contain pumice (5-20 wt%), fresh and altered lithics (from the 2007-2008 lava), and crystal and organic fragments (also see Section 6 for components). Unit A 1 is characterized by massive, moderately sorted facies with lapilli and ash as the dominant components. It contains coarse grains, composed of fresh or altered angular lava fragments (b14 cm in diameter at site #334, and b2 cm at site #330) and subangular pumice (b10 cm in diameter at site #334, and b3 cm at site #330), as well as uncharred branches and leaves, or partially charred wood and leaf fragments (Fig. 7) . The grading structures of the deposits are unclear or lacking, and there is no internal stratification in the deposits.
The area covered by the blown-down trees along the valleys and ridges in the northeastern area corresponds to the same stratigraphic level as Unit A. The area of blown-down trees and vegetation extends over~12 km 2 with a maximum distance of~6.8 km from the vent. In particular, in the NE area within 1-2 km from the rim of the summit crater, the surface of the slopes along the valleys is strongly eroded and has no vegetation (Figs. 3, 5) . Along the margin of the damaged area, only some leaves and branches were blown off. Some key features observed on the ground are shown in Fig. 8 . Around site #334 on the NE ridge, trees were blown down, cut, bent, or uprooted. They all lie in the same direction (to the NE at this location, Fig. 3 ; Fig. 8a, b) . Well-sorted fallout pumice covers the trees (Fig. 8c, d ). Tree trunks facing the summit are also severely damaged by angular lithic fragments ejected from the volcano (Fig. 8e, f) . Blown-down trees were also observed on the western and southern sides of the volcano; however, most of them belong to a later stratigraphic stage. Charred trees were often observed in these areas, while the trees in the NE area were uncharred. Unit B consists of the middle, most voluminous part of the deposits. It is widely distributed around the volcano and has two major axes extending W and NE (Figs. 2, 6, 7) . The deposit is characterized by massive, moderately sorted and mostly fine-poor facies, and the sorting improves with distance. The deposit consists mainly of angular pumice lapilli, but also fresh and altered lithic material, and shows a clastsupported structure (Fig. 9a, b) . The maximum clast size for both pumice and lithic material is a few tens of cm in diameter at~500 m from the vent,~10-15 cm at~2 km, and decreasing to b 1 cm around Kediri, 30 km west of the volcano. Unit B generally shows reverse grading near the base and normal grading toward the top in the proximal area. On the northern side, the grain size decreases to fine ash at the top. However, on the western side, the normal grading at the top is unclear. The overall grading structures become unclear with distance. In areas NE of the volcano, Unit B directly covers Unit A, or the blowndown trees (Fig. 8) . In the proximal area on the western side, Unit B directly overlies the pre-eruption ground surface (an old lava or a paved road), or ballistic ejecta with impact craters from the initial stage of eruption. The thickness of the unit decreases from~8 cm at Ngantur (Fig. 9a ) to a few cm around Kediri. In the northern area toward Surabaya, the thickness of the ash deposit decreases to a few mm (Fig. 2) . At Yogyakarta~200 km away, the observed thickness of the ash deposit was~2 cm.
Unit C consists of a series of pumiceous lobate deposits lying mainly in the valleys. This unit can be divided into several subunits that correspond to multiple lobes. The thickness of each subunit (lobe) varies depending on the locality, reaching a maximum of~3 m or more. The deposit is characterized by gray to pinkish, massive, poorly sorted fine-grained facies, containing abundant pumice and lava blocks up to 20 cm in diameter. In the western and southern valleys, coarse subrounded to rounded pumice clasts up to 50 cm in diameter are generally concentrated on the surface and along the margin of the lobate deposits (e.g., site #224, Figs. 6, 9c, d) . Fragments of charred wood can also be observed. Numerous degassing pipes are also observed in the deposit. In some locations, the massive unit includes relatively wellsorted ash layers at the base and top near the source (Fig. 6 ). Along the southern and western valleys, the deposit is distributed up to 3- 5 km from the rim of the summit crater. We were not able to survey the main deposits on the northern and eastern sides, but the approximate distribution can be inferred based on satellite images. In the proximal area (at site #217), the stratigraphic relationship between Units B and C is clearly identified (Fig. 9b) . Most of the sections with blown-down trees in the western and southern areas belong to the same stratigraphic level as Unit C because there was no later deposition in these areas. Some of the damaged parts of the blown-down trees are charred (Fig.  9e ). In the western valley, 2.5 km from the rim of the summit crater, explosion craters were observed on the surface of Unit C. This is consistent with observations (at POS) that a number of secondary explosions occurred in the valleys after the eruption. On the ridge along the western valley, gray poorly sorted ash-rich layers with weak stratification occasionally cover the better-sorted Unit B pumice deposit (e.g., site #218, Figs. 6, 9f). These layers correspond to the same stratigraphic level as Unit C, but are thinner and finer. We defined this deposit as Unit C′.
Unit D consists of the upper part of the deposits and is divided into two subunits (Units D 1 and D 2 ). Unit D 1 is a gray fine ash layer on top of Unit B, and Unit D 2 consists of pink-brown, stratified fine ash layers. These ash layers are only observed on the northeastern side (sites #334, 207, and 205; Figs. 6, 7, 9) . Each layer is normally graded and has some ash-accretion textures. This unit corresponds to the same or later stratigraphic level as Units C and C′.
The summit crater is filled with a thick pyroclastic deposit approximately 15-20 m thick (Fig. 9g ). This deposit overlies talus deposits of the pre-existing lava dome near the 2014 eruption crater. The deposit may be divided into several subunits, but it is difficult to correlate these units to the major eruption units observed outside the summit crater. The lower part of the deposit (3-5 m in thickness) is a massive, relatively well-sorted deposit, and the upper part of the deposit (10 m or more in thickness) is characterized by massive, poorly sorted, and fine-grained facies. The pyroclastic deposit contains large lava blocks (up to 3 m in diameter) derived from the pre-existing lava dome.
Composition of erupted magma
The pumice that erupted in 2014 was highly porphyritic basaltic andesite with~55 vol% of phenocrysts of plagioclase, clinopyroxene, orthopyroxene, and titanomagnetite, all of which also occur as aggregates (clots). The whole-rock composition is 55.0-55.7 wt% in SiO 2 , analyzed by an X-ray Fluorescence Spectrometer (ZSX Primus II, Rigaku Co., Ltd., Tokyo, Japan) at the Earthquake Research Institute, University of Tokyo (Supplementary Table A 
Grain-size and component variations
Grain-size and component analyses were carried out for representative units from selected locations. The overall grain size characteristics of Units A and B are summarized in the Md φ -σ φ plots (Md: median diameter; σ φ : sorting coefficient, Inman, 1952) (Fig. 10) . For all the samples, σ φ was less than 3φ. Unit B shows typical fallout characteristics, and the sorting improves with distance. Unit A is more poorly sorted than Unit B, and has both fall and flow features. The grain-size histogram for Unit A 1 at site #330 shows a relatively broad distribution with two marked populations (Fig. 11) . The coarser population around − 2φ consists mostly of pumice and lithic fragments, while the finer population with 2φ is composed mostly of shattered crystals. The proportion of lithic fragments is much higher than that in the other units. The mean size of the crystal fragments in Unit A 1 is finer than that in the fallout tephra (Unit B). The same grain characteristics of Unit A 1 appear at sites #334 and #330, 3.7 km and 5 km NE from the source, respectively. The underlying Unit A 0 is fine grained and poorly sorted, with a relatively broad unimodal grain-size distribution (Fig. 11) . The component data of Unit A 0 was obtained only for coarse ash, but it is not significantly different from that of Unit A 1 and also contains juvenile pumice. The grain-size histogram for Unit B at site #330 shows a coarser and unimodal distribution, with a higher proportion of pumice than in Unit A (Fig. 11) . It generally contains 40-60 wt% pumice while Unit A has only~20 wt% pumice.
The grain-size histograms for Unit B vary with distance from the source (Fig. 12) . Within 15 km of the source, they show relatively broad distributions with bimodal populations; thus, the bulk of the deposit is not well sorted. However, as shown in Fig. 11 , the grain-size distribution appears to be a combination of a coarser population in the pumice clasts and a finer population in the isolated crystals. The sorting of each component is fall-like in nature, becoming better sorted with distance from the source (from 2 to 11 km from the summit crater). Simultaneously, the mean diameter of the pumice decreases from −3φ to − 1.5φ, but the size of the isolated crystals is almost constant at 0.5-1.0φ. In the distal area, N 20 km from the source, the sorting for the entire deposit at each site improves, and the grain-size histograms show a unimodal distribution with a population of b500 μm (Fig. 12) . The maximum clast size of Unit B was also measured in the field and is shown in Fig. 12 . A 2-cm-isopleth for pumice clasts covers an area of~500 km 2 to the west of the volcano.
Discussion

Origin of eruptive deposits
The deposits from the 2014 Kelud eruption can be divided into four major depositional units (Units A-D). In this section, we interpret each depositional unit and discuss their origin to clarify the evolution and dynamics of the eruption.
Unit A
Unit A is distributed on the ridges NE of the crater. The deposits lie on the same stratigraphic level as the blown-down trees that extend at least 12 km 2 to the NE. In particular, the main part of the deposit, Unit A 1 , is massive (without internal cross-bedding) and moderately sorted. The broad grain-size distribution lacks fines, with multimodal populations, and organic-rich deposits. The main depositional unit (A 1 ) underlies a top layer with poorly sorted facies (A 2 ). Although our field data are limited, all these lines of evidence indicate that the deposits were produced from dilute high-energy PDCs that traveled along topographic lows but also deposited eruptive material on the ridges from tens to a hundred meters high. The Md φ -σ φ relationship of Unit A plots in the same region as the basal unit of the blast deposits from the 1980 Mount St. Helens (MSH) eruption (Hoblitt et al., 1981) , or the lower unit of the deposits from high-energy PDCs associated with dome destruction in the 2010 Merapi eruption (Fig. 10) . The facies, components, and grain-size characteristics of Unit A are similar to those observed in the deposits: Layer A0 of the MSH blasts , Layer A of the Bezyminanny blasts (Belousov, 1996) , and L1-L2 of the Merapi PDCs , although the deposits from the MSH blast lack pumice (less than a few %) and they are most likely accidental lithics that were incorporated during transport. Based on previous studies, Units A 0 -A 1 are interpreted to have been formed by the shearing action of the flow head (e.g., Fisher et al., 1987) . Unit A 2 may correspond to the layer representing the waning of the surge current. The Kelud deposits lack the layers from a later depositional phase (e.g., Layers A1-2, Layers B-C, Belousov, 1996) , probably because it was a smaller-scale blast or was under different topographic effects. Trees that were most likely blown down by a large dynamic pressure current with at least a few kPa have been observed in past events of energetic pyroclastic surges or blasts (e.g., Clarke and Voight, 2000; . Thus, our data shows that high-energy PDCs were probably generated during the initial phase of the eruption, but on a scale much smaller than at Mount St. Helens in 1980 or Bezyminanny in 1956, both of which caused the devastation of an area larger than 500 km 2 (Belousov et al., 2007) . Units A 0-2 contain a large proportion of non-juvenile materials (i.e., dome-derived lava, and wood and leaf fragments; Fig. 11 ) but also juvenile pumice (20-30 wt%), indicating that the eruption began with an outburst of magmatic material.
Unit B
Unit B is widely distributed around the volcano, and shows typical fallout features. This implies that Unit B originated from the main phase of the eruption generating a buoyant umbrella cloud. When the classification scheme using the fragmentation and the dispersal indices (Walker, 1973) is applied, the tephra data (thickness and grain-size variations) of Unit B plots near the boundary between 'plinian' and 'subplinian' (Fig. 13a) . However, if the revised classification scheme using the clast half-distance (b c ) and the thickness half-distance (b t ) (Pyle, 1989 ) is applied, the tephra data plots in the 'plinian' region (Fig. 13b) . Note that errors in thickness and grain-size variations (Figs. 12, 14) are considered in these plots. We refer to the main phase of the 2014 Kelud eruption as 'plinian' based on the Pyle's scheme, but we also conclude that the eruption was actually an intermediate plinian-style eruption.
The maximum clast-size of Unit B (Fig. 12 ) reflects the height of the eruption plume (Carey and Sparks, 1986) . Although our clast data are limited, several isopleths can be determined approximately. Applying the Carey and Sparks (1986) model, the plume height (at neutral buoyancy level) is estimated as~20 km, where 2-and 4-cm isopleths were used and the clast density of the pumice was assumed as 1500 kg/m 3 . The height of the buoyant umbrella cloud was estimated as 18-19 km with possible higher ash-emission altitudes at 22-26 km based on satellite data (Kristiansen et al., 2015) . The plume height estimation using clast and satellite data indicates that the major pumice fallout producing Unit B originated from the height of the eruption cloud at 18-20 km, rather than from higher altitudes of 22-26 km.
The fallout deposit extends from Kelud northeast to Surabaya and west to Yogyakarta and further westward. All the features observed in the field are consistent with the satellite data that shows that the plinian plume drifted in a strong easterly wind and dispersed mainly west of the volcano (Fig. 2) . The variation shown in the grain-size histograms of Unit B may have originated during the transport and deposition of pyroclasts of various densities and shapes derived from the fragmentation of the porphyritic magma. For example, isolated pyroxene crystals are approximately three times denser than pumice. This density difference can lead to a different terminal settling velocity of the particles. The general form of the terminal settling velocity, u, of small pyroclasts can be written as u = √4gd(ρ p − ρ 0 ) / 3C d ρ 0 , where g is gravitational acceleration, d is grain size, ρ p is particle density, ρ 0 is the density of the ambient atmosphere, and C d is the drag coefficient as a function of the particle Reynolds number (Wilson and Huang, 1979) . To achieve the same settling velocity for particles with different densities, the diameter of the denser particles must be smaller to satisfy the above equation. For example, the settling velocity for −1.5φ pumice will be the same as for − 0.5φ crystals. The grain-size distribution, as seen at the site 11 km west of the source (Fig. 11) , indicates that the density difference produced multimodal grain-size distributions in the fallout deposits that settled from the umbrella cloud with turbulent suspension, although not all the grain-size histograms can be explained by this mechanism. In the more proximal area, within a few km from the source, the deposits are not well sorted. This was probably because some particles were deposited directly from the lower level of the eruption column, or because the particle concentration was very high. In these cases particle settling may not follow a simple settling law or assumptions (e.g., Manzella et al., 2015) .
Units C-D
Unit C shows typical flow depositional features, as characterized by multiple pumiceous lobes. It is interpreted as valley-filled, pumice-rich PDC deposits generated by the collapse of the plinian column in the later phase of the eruption. The main dense part of the PDCs travelled in the valleys as granular flows, but may have also been accompanied by a dilute component of the current that travelled over the ridges. This is shown by blown-down trees along the valleys on the same stratigraphic level (Figs. 5, 9e ) and thin stratified fine-rich deposits on the ridge (Unit C′, Fig. 9f ), indicating the deposition from low-concentration pyroclastic density currents. The temperature of the pumice-rich PDCs was likely much higher than the initial PDCs, producing Unit A, because the charred materials are generally contained in Unit C. PDCs can form when the physical parameters of a plinian eruption, such as mass eruption rate, vent radius, magmatic gas content, or external water volume, fulfill certain criteria, favoring column collapse (e.g., Wilson et al., 1980; Sheridan et al., 1981; Woods, 1988) . These changes may occur during the most intense, or declining, phase of a plinian eruption, as studied at Vesuvius , Katmai in 1912 (Fierstein and Hildreth, 1992) , Mount Pinatubo in 1991 , and Chaiten in 2008 (Major et al., 2013) . We suggest that external water was not important in the case of Kelud in 2014 because no lake-water occupied the vent before eruption. There is no clear evidence of 'wet' volcanism in the deposits, represented by specific textural and morphological features of ash particles from magma-water interaction . Moreover, there are no supporting data of increases in lithic content (accessory/accidentals) related to vent enlargement in later phases of the plinian eruption. The possible causes of the column collapse during the Kelud eruption are: (1) a decrease in the mass eruption rate (and therefore a decrease of exit velocity), which reduces the entrainment of air into the plume; and (2) a decrease in the magmatic gas content at the vent, which increases the initial density of the mixture (e.g., Woods, 1988) . Hargie et al. (this issue) showed a decrease in the mass eruption rate that was derived from the umbrella expansion rates sometime after~18:00 UTC. However, it is difficult to know if this is an effect due to decreased flux at the source, or decreased flux into the umbrella cloud because of PDCs. For option (2), future geochemical analysis for time-series samples may give an insight into the cause of column collapse.
Finally, Unit D consists of ashfall deposits that most likely formed during the declining phase of the eruption, or were derived from the co-PDC liftoff plume during the deposition of Unit C. The distribution of Unit D suggests that the fine tephra in the lower-level plume at a height of a few km was affected by the southwesterly wind and transported NE as discussed in Section 7.3.
Eruption parameters
The main products from the Kelud eruption are fallout tephra and two types of PDC deposits (Units A and C). We first estimate the volume of the fallout tephra using an isopach map. The map is based primarily on the data obtained by our geological survey in early March 2014. Eyewitness reports (for distal tephra) were also used, but care was taken with such data, as identified by Nakada et al. (2016) . The proximal area was mapped by 4-cm and 15-cm isopach contours (Fig. 14) . The tephra data observed at Yogyakarta constrained the 1-cm isopach; however, the area covered by this isopach is minimal because the distal limit is unclear. For the more distal area, we assumed two cases with 1-mm contours (lines a and b in the isopach map in Fig. 14) based on satellite images capturing the eruption cloud spreading to the Indian Ocean (Japan Meteorological Agency, JMA, data and Kristiansen et al., 2015) . However, this isopach includes a large error due to uncertainty in the distal limit over the ocean. Using the relationship between the area covered by tephra and the thickness of the deposit, we can estimate the volume of the fallout tephra deposit (Fig. 14) . Here we applied three different fitting methods: exponential (Fierstein and Nathenson, 1992), power-law (Bonadonna and Houghton, 2005) , and Weibull fitting (Bonadonna and Costa, 2012) . For the exponential fitting, the maximum thickness at the proximal boundary was assumed to be 3-6 m (blue squares in Fig. 14) based on the deposit of the summit crater, but we did not use the proximal assumption for the power-law and Weibull fittings. For the power-law fitting, we used 300 km and 600 km for the distal limit (black squares, corresponding to lines a and b in the isopach map of Fig. 14, respectively) based on satellite data. These three methods produced 0.27-0.47 km 3 , 0.24-0.47 km 3 , and 0.25-0.47 km 3 , respectively. The total deposit volume of the fallout tephra was thus estimated to be 0.24-0.47 km 3
. The deposit density of the fallout tephra was~1400 kg/m 3 , derived by measuring the thickness, area, and weight of the deposit at selected locations in the field. Therefore, the dense rock equivalent (DRE) volume was 0.13-0.26 km , corresponding to 0.14-0.28 km 3 in DRE. Therefore, we conclude that the 2014 eruption at Kelud had a VEI of 4 (eruption magnitude, M = 4.5-4.8). Based on satellite image data ( Fig. 1) and remote seismic records (Caudron et al., 2015; Nakashima et al., 2016) , the development of the plinian column is estimated to have lasted 2-2.5 h. Using the volume of fallout tephra and the eruption duration, the average mass eruption rate during the plinian phase was calculated as 6.5 ± 2.8 × 10 7 kg/s.
Chronology based on geological and geophysical observations
The 2014 eruption at Kelud volcano can be divided into three major stages 1, 2, and 3, based on the stratigraphy of the deposit and geophysical observations (Fig. 15) . Stage 1 began when high-energy PDCs formed Units A 0 -A 2 and blew the trees down. The real-time camera situated at the crater captured ballistic ejecta as its final image at~15:45 UTC, and seismometers near the summit were destroyed at 15:46 UTC, indicating that the first explosion began around this time. Our field observations suggest that the initial PDCs, containing lava fragments from the 2007-2008 dome and vesicular pumice, traveled NE by at least 6.8 km, blew down vegetation, and formed Unit A. Initially, the eruption could not produce a buoyant steady column from the open conduit, but generated high-energy PDCs as a result of the sudden decompression of the pressurized magma. This first explosion event may correspond to the small low-altitude plume that was detected at 15:46 UTC by the MTSAT-2 satellite (Hargie et al., this issue) , and to a brief infrasound signal followed by a weak seismic event (Caudron et al., 2015; Nakashima et al., 2016) . Caudron et al. (2015) pointed out that their I_L (~15:43 UTC) and S_P1 (~15:52 UTC) signals, corresponding to a brief low-amplitude impulsive wave, are consistent with a relatively small-scale eruption. Nakashima et al. (2016) reported Total Electron Content (TEC) variations and remote seismic signals from Kelud volcano, observed by regional GNSS and broadband seismometer networks. They concluded that the first seismic signal -ground motion caused by an acoustic wave -was excited at~15:46 UTC at the volcano, and propagated outward in the lower atmosphere at~0.3 km/s. Based on the seismic records, they estimated that the initial explosion occurred at 15:46, followed by the start of the plinian eruption~15 min later. Hargie et al. (this issue) analyzed volcanic lightning during the eruption that was detected by the World Wide Lightning Location Network (WWLLN), and showed that there were a few lightning strokes between 15:48-15:56 UTC, probably associated with the initial PDC phase. All these geophysical observations are consistent with our field observations and reports by observers in the Kelud Volcano Observatory.
The eruption then moved to the main plinian phase, stage 2. In this stage, the major fallout deposit (Unit B) was produced from the umbrella cloud over a wide area. The lava dome was completely destroyed by continuously ascending magma. Based on remote seismic records, Nakashima et al. (2016) estimated that the plinian eruption began at 16:01 UTC, when the continuous tremor began. At 16:09 UTC, the first signal indicating a significant plume was observed by the MTSAT-1R satellite (Hargie et al., this issue) . The plinian column rose into the stratosphere and the umbrella cloud began to spread. The eruption cloud spread radially at altitudes around 17-18 km, with the top of the umbrella cloud at 18-19 km (Kristiansen et al., 2015) , and the diameter exceeding 200 km by 17:32 UTC (Fig. 1) . The plume height estimation using clast data indicates that the major pumice fallout originated from the height of the eruption cloud at~20 km. Kristiansen et al. (2015) also suggested that there were higher ash-emission altitudes between 22 and 26 km. The higher ash-emissions may correspond to the overshooting plume top, but it remains uncertain whether this was a realistic feature. Hargie et al. (this issue) showed that the lightning rate increased markedly from 16:20-17:00 and continued at a lower level until~19:30 UTC. Seismic signals indicate that the plinian eruption lasted at least~2 h (Caudron et al., 2015; Nakashima et al., 2016) . Then, the eruption column became unstable and later collapsed.
In stage 3, the pumice-rich PDCs were formed as the column collapsed. This may have occurred around 18:00-18:30 UTC, because the continuous tremor ended at this time, suggesting the end of the vigorous plinian phase, and there are no pumice-rich PDC deposits beneath the plinian fall deposits. They travelled along the valleys from the summit area and covered them with multiple pumiceous flow lobes, forming in Unit C. Co-PDC ashfall, and/or ashfall from the low-level, vent-derived plume was transported by a southwesterly wind and formed fine ashfall layers (Unit D), mainly NE of the volcano. Although we infer that the most vigorous portion of the plinian eruption ended at 18:00-18:30 UTC, the plume continued to expand and drifted west (Fig.  1) , and distal ashfall continued for several hours over a wide area of Java.
The tephra dispersal process and deposit formation was significantly affected by the local winds around Kelud volcano. The wind velocity fields at the 100-hPa and 700-hPa levels at 18:00 UTC on February 13, 2014 (1:00 local time) over Kelud volcano were obtained from the real-time Grid Point Values (GPV) data provided by the global spectral model (with 1.25°longitude-latitude grids) of JMA (Tanaka et al., 2016) . This data are comparable to the radiosonde data from Surabaya Juanda airport at 12:00 UTC on February 13 and 0:00 UTC on February 14 (obtained from NOAA's Earth System Research Laboratory). According to the GPV/JMA data, at the time of the eruption the 100 hPa wind vector field (at an altitude of~16.5 km) indicated strong easterly winds blowing at 25 m/s over Java (Tanaka et al., 2016) . In contrast, the 700 hPa wind vector field (at an altitude of~3 km) showed a southwesterly flow of 9 m/s over Kelud volcano. The wind field above Kelud volcano is shown in Fig. 16 . The umbrella cloud at the higher altitude (~17 km a.s.l.) during the main plinian stage was affected by strong easterly winds as observed by satellite images. However, fine ash in the lower-altitude plume(s) was affected by the southwesterly wind and preferentially transported NE. Based on field stratigraphic relationships, the distribution of the upper fine ash layers (Unit D , Figs. 7, 8 ) was caused by ashfall from low-level plumes, originating from the waning stage of the plinian column, or liftoff from PDCs.
Initial dome destruction and directed pyroclastic density currents
The opening phase of the 2014 Kelud eruption was characterized by high-energy PDCs associated with the destruction of the pre-existing lava dome. Vent-derived surges were reported during the opening phase of the 1990 Kelud eruption. At that time, the volcano contained a crater lake, and water likely had free access to the vent; hence the initial explosions can be considered phreatomagmatic (Bourdier et al., 1997) . The 2014 eruption began without a crater lake, and therefore a phreatomagmatic origin is unlikely. In some cases, PDCs can precede the main phase of the explosive event. They are represented by high-energy PDCs (called blasts) as observed at Mount Lamington in 1951 (Taylor, 1958 ), Bezymianny volcano in 1956 (Belousov, 1996 , Arenal volcano in 1968 (Alvarado et al., 2006 ), Mount St. Helens in 1980 (Kieffer, 1981 Hoblitt and Miller, 1984) , and Mount Pinatubo , all of which are associated with the growth of a lava dome or cryptodome just prior to the onset of the plinian phase. Sudden decompression of the pressurized dome lava due to residual gas in the highly viscous magma is thought to be a triggering mechanism of high-energy PDCs (e.g., Fink and Kieffer, 1993) . They may be highly directional when triggered by the collapse of the flank of a stratovolcano such as Mount St Helens and Bezymianny, or not associated with slope failure but caused by the collapse of the lava dome as in the Lamington, Arenal, and Pinatubo cases. Gravitational collapse of a growing dome on a slope can also trigger sudden decompression and highenergy PDCs (e.g., Boudon and Lajoie, 1989) . The pre-existing lava dome is thus a key to understanding the mechanism of explosive plinian eruptions, although the duration between dome growth and the plinian phase can vary from days to years (Newhall and Melson, 1983; Ogburn et al., 2015) .
The sequence of the 2014 Kelud eruption is similar to that seen in past plinian events associated with dome growth. However, there is a difference in terms of duration between the dome growth and the plinian phase. At Kelud volcano, the lava dome was formed in 2007 -2008 (Jeffery et al., 2013 followed by a 6-year dormant period before the 2014 event. Therefore, most of the dome was likely already degassed. Moreover, gravitational collapse is unlikely to occur on the crater floor. However, the deep interior of the dome-conduit system may still be hot. We propose that the initial phase of the 2014 Kelud eruption is similar to the vent-opening phase of the Chaiten eruption in 2008. At Chaiten, directional dilute PDCs covering an area of~4 km 2 occurred through the old lava dome (Major et al., 2013 ). Chaiten's PDCs were much smaller than those in the Kelud eruption. Major et al. (2013) suggested that the opening of pathways through the old lava dome produced narrow, asymmetrically-shaped vents, and that the geometries of those vents were the main factor that controlled the PDCs in the Chaiten eruption.
The PDC deposit (Unit A) from the 2014 eruption contains a significant amount of pumice (20-30 wt%), indicating that newly ascended magma triggered the destruction of the dome. Here we propose a mechanism where newly ascended magma fractured the old lava dome and produced a new pathway to the surface, resulting in rapid decompression of new magma and the subsequent eruption that destroyed the old lava dome. In this process, the lava dome may act as a solid cap on the vertical conduit and promote pressurization of the ascending magma, preventing effective degassing (e.g., Sparks, 1997; Preece et al., 2016) .
Based on the above, we propose the following scenario for the 2014 Kelud eruption: the initial vent position was on the northern side of the dome and was partially destroyed during the initial phase. The confined exit condition channeled the PDCs north. Once the initial vent was established, a rapid decompression triggered fragmentation of the magma, resulting in the onset of the explosive plinian phase. During the plinian phase, the vent was enlarged and the dome was completely Fig. 2 . Three fitting methods were applied: Weibull, power-law, and exponential fittings. For the exponential fitting, the maximum thickness at the proximal boundary was assumed to be 3-6 m (blue squares), but the proximal assumption was not used for the power-law and Weibull fittings. For all fittings, minimum calculations were made using the 0.1 cm contour indicated by a solid line (a) in the lower panel. Maximum calculations were made using the 0.1 cm contour indicated by a broken line (b) . See text for details.
destroyed, resulting in the development of the vertical eruption column. There was a~15 min pause between the initial high-energy PDC (15:46) and the start of the pumice-rich, vertical column (16:01 UTC). At MSH, there was also a pause between the blast and the vent-derived plume (minutes to 10s of minute) (Criswell, 1987) .
It is also important to consider the geometry of the summit crater and valleys to understand what caused the high-energy PDCs to extend to the NE. The summit crater area of Kelud volcano is basically confined by the crater wall, which rises up to~500 m above the crater floor. On the western and northern sides, the crater wall is partially depressed, with deep valleys developing toward the foot of the volcano (indicated by arrows in Fig. 17a ). The western crater wall (~1250 m a.s.l.) is lower than the northern side (~1400 m a.s.l.). These topographic depressions and valleys may act as confined channels, guiding the PDCs along specific routes. If the entire dome is destroyed instantaneously, a blast would expand in all directions and the PDCs will tend to travel along the topographic lows. Therefore, the disturbed area covered by deposits would be more likely to extend toward the western side of the volcano rather than the other more elevated areas. However, the absence of Unit A on the western side indicates that the initial PDCs flowed mainly NE, drained from the topographic depression, and expanded along the valley heading N, although the northern crater rim is higher than the western rim. Therefore, we infer that the initial dome destruction started from the northern side and a PDC was generated mainly toward the north.
Analysis of the samples from Unit A and the estimate of erupted volume also indicate the partial destruction of the lava dome. The component analysis of the initial PDCs in the NE area shows that the domederived lithic (non-juvenile) material comprised approximately 70-80 wt% of the deposit. If we assume this proportion of dome material is representative, the volume of the collapsed dome is estimated to be 0.0003-0.003 km 3 . This corresponds to 1-9 vol% of the pre-existing lava dome (~0.035 km 3 , Siebert et al., 2011 . Therefore, the rest of the dome and the pre-existing solidified magma occupying the shallow conduit may have been blown out completely during the plinian phase.
Implications for volcanic hazards and impacts
The 2014 Kelud eruption shows that a pre-existing lava dome can dramatically affect the dynamics and evolution of a volcanic eruption, although the time period after dome formation is also an important factor (Newhall and Melson, 1983) . A rapid decompression of the domeconduit system that is triggered by newly ascended magma can destroy the lava dome and generate high-energy PDCs. The high-energy PDCs travel at high velocities as turbulent suspensions. The velocity of such currents leaves a trail of destruction on the ground, blowing down trees and vegetation (Valentine, 1998; Clarke and Voight, 2000) . PDC velocities can reach over 200 m/s in large-scale blast eruptions associated with flank collapse (e.g., Kieffer and Sturtevant, 1988) . The 2014 Kelud eruption was on a much smaller scale than this type of blast, but demonstrated the severe hazards posed by high-energy PDCs around the volcano. Our observations of PDCs associated with a plinian event, as observed in the 2014 eruption, are important for evaluating potential hazards at Kelud volcano.
In the current hazard map of Kelud volcano (Mulyana et al., 2004) , the area at risk from ejected rock fragments and hot mud is defined by a 2-km radius from the vent in the summit crater. The area potentially affected by heavy ash fall, hot mud, and ejected rock fragments is defined by a 5-km radius from the same point. The dark-gray area in Fig.  17b (the summit crater and western valley) shows the area at risk of pyroclastic flows, toxic gas, eruption lahars, and potential lava flows. The light-gray area (in all directions) shows the area that is potentially affected by pyroclastic and lava flows, and eruption and rain lahars. During the 2014 eruption, PDCs caused a threat NE of the crater, extending along the ridges over 6 km from the summit crater. The village of Ngantur is located only 2 km from the outer extent of these PDCs. If the PDC had extended slightly beyond this boundary, the village could have been severely damaged. In previous Kelud eruptions, this type of high-energy PDC associated with dome destruction was not reported. This potential effect of PDCs, as well as the effect of topography, particularly the valleys that channel the PDCs outside the summit area, should be considered when deciding the hazard zonation around Kelud volcano.
The 20th-century eruptions at Kelud volcano were characterized by VEI 4-scale plinian eruptions accompanied by PDCs (1901 PDCs ( , 1919 PDCs ( , 1951 PDCs ( , 1966 PDCs ( , and 1990 PDCs ( ), or smaller-scale dome-building (1920 PDCs ( , and 2007 PDCs ( -2008 . The 2014 eruption with a total volume of 0.14-0.28 km 3 (in DRE) was the largest since 1919 and provided an important opportunity to examine the sequence of a plinian eruption and its associated hazards in detail. The recurrence history of a plinian eruption and dome formation at Kelud volcano indicates that an eruption of similar type and scale to the 2014 event could occur again in the future. The eruption volume that defines the scale of eruption is important for determining the impact of the eruption over a wide area. The widespread tephra distribution seen in past eruptions, particularly in 1919 and 1951, is similar to that of the 2014 eruption (Kemmerling, 1921; Alzwar, 1985; Wirakusumah, 1991) . Thus, it seems that fallout tephra from Kelud volcano is often significantly affected by prevailing easterly winds, and dispersed over a wide area of Java. In addition to the effect of the eruption volume and wind conditions on tephra dispersal, the crater condition at the summit is another key factor that determines the course of the eruption. The presence or absence of a lava dome or crater lake at the summit area will affect the eruption dynamics. A lava dome can change the pressurization process of ascending magma and can trigger high-energy PDCs, as in the 2014 eruption. A crater lake can cause initial explosive magma-water interaction and also trigger lahars, as in the past eruptions at Kelud volcano. The findings from the 2014 event have important implications that can be used to construct more sophisticated event trees and assess future volcanic hazards of Kelud volcano, and other active volcanoes that have the potential to generate both explosive and effusive eruptions.
Conclusions
We have documented the sequence of the 2014 plinian event at Kelud volcano based on a geological study of the eruptive products, analysis of satellite images of the eruption plume, and surface features of the volcanic edifice before and after the eruption. Based on this study, the 2014 deposits can be divided into four major depositional units (Units A, B, C, and D). The plinian eruption was preceded by the partial destruction of the lava dome produced in [2007] [2008] , which led to the generation of directional, high-energy PDCs with a maximum runout distance of~6.8 km toward the NE. The PDCs produced a series of deposits (Units A 0 -A 2 ) and caused surface damage (blown-down trees and vegetation) over an area of 12 km 2 (stage 1). The main phase of the eruption was characterized by a strong eruption plume that produced widespread fallout tephra (Unit B) over East and Central Java (stage 2). The tephra dispersal was greatly affected by the wind pattern above the volcano. In the later phase of the eruption, dense PDCs were generated by column collapse (stage 3), filling the nearby valleys with pumiceous lobate deposits (Unit C). The declining phase produced fine ashfall (Unit D 1-2 ) from a low-level plume and/or co-PDC ash. This eruption process is also supported by geophysical data, including remote seismic and infrasound signals, TEC variation, lightning strokes, and satellite observations. The initial high-energy PDCs and fallout tephra contained juvenile pumice and dome-derived lithic clasts, and isolated crystals originated from the fragmentation of porphyritic magma. The eruptive products suggest that newly ascended magma triggered the partial destruction of the lava dome accompanied by the high-energy PDCs, and the dome was completely destroyed during the climactic plinian phase. Thus, the pre-existing lava dome significantly affected the course of the eruption. This type of eruption sequence has not been previously documented in the historical records of Kelud volcano activity. The total volume of erupted material was estimated as 0.25-0.50 km 3 (bulk deposit volume), corresponding to 0.14-0.28 km 3 in DRE, and the mean eruption rate as 6.5 ± 2.8 × 10 7 kg/s. The scale of the 2014 eruption had a VEI of 4, and was one of the largest eruptions at Kelud volcano over the past century. The eruption sequence and estimated physical parameters of the 2014 eruption can be used as a guide for assessing future volcanic activity and potential hazards at Kelud volcano. Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.jvolgeores.2017.03.002. Fig. 16 . Estimated wind pattern above Kelud volcano at the time of the 2014 eruption. The higher level (~17 km) is affected by winds from the east, and the lower level (~3 km) is affected by winds from SW. This wind field is based on the GPV/JMA data (Tanaka et al., 2016) and the radiosonde data from Surabaya Juanda airport at 12:00 UTC on February 13 and 00:00 UTC on February 14 (obtained from NOAA's Earth System Research Laboratory).
